Abstract Aims/hypothesis: Hyperglycaemia in diabetes is associated with increased glycation, oxidative stress and nitrosative stress. Proteins modified consequently contain glycation, oxidation and nitration adduct residues, and undergo cellular proteolysis with release of corresponding free adducts. These free adducts leak into blood plasma for eventual renal excretion. The aim of this study was to perform a comprehensive quantitative analysis of protein glycation, oxidation and nitration adduct residues in plasma protein and haemoglobin as well as of free adducts in plasma and urine to quantify increased protein damage and flux of proteolytic degradation products in diabetes. Methods: Type 1 diabetic patients (n=21) and normal healthy control subjects (n=12) were studied. Venous blood samples, with heparin anticoagulant, and 24-h urine samples were taken. Samples were analysed for protein glycation, oxidation and nitration adducts by a quantitative comprehensive screening method using liquid chromatography with triple quadrupole mass spectrometric detection. Results: In type 1 diabetic patients, the concentrations of protein glycation, oxidation and nitration adduct residues increased up to three-fold in plasma protein and up to one-fold in haemoglobin, except for decreases in pentosidine and 3-nitrotyrosine residues in haemoglobin when compared with normal control subjects. In contrast, the concentrations of protein glycation and oxidation free adducts increased up to ten-fold in blood plasma, and urinary excretion increased up to 15-fold in diabetic patients. Conclusions/interpretation: We conclude that there are profound increases in proteolytic products of glycated and oxidised proteins in diabetic patients, concurrent with much lower increases in protein glycation and oxidation adduct residues.
Introduction
Early-stage adducts of protein glycation, fructosamines, are measured in diabetes as an indicator of glycaemic control [1] . Protein glycation, as well as protein oxidation and nitration, is thought to contribute to vascular cell dysfunction and the development of microvascular diabetic complications (retinopathy, nephropathy and neuropathy) [2] [3] [4] . Recent research has shown that protein glycation, oxidation and nitration are increased in cellular and ex-tracellular proteins in diabetes [5] . Cells maintain the quality and functional integrity of proteins by degradation and replacement of damaged proteins; oxidation and glycation are major types of physiological protein damage [5, 6] . Cellular proteolysis liberates the glycated, oxidised and nitrated amino acids as free adducts. These are released into blood plasma and excreted in urine [5] . The changes in plasma concentrations and urinary excretion of glycation, oxidation and nitration free adducts may reflect tissue damage in diabetes and provide new markers indicative of the damaging effects of hyperglycaemia. A comprehensive assessment of these adducts in plasma and urine has not yet been carried out.
Glycation of proteins is a complex series of parallel and sequential reactions collectively called the Maillard reaction. It occurs in all tissues and body fluids. Early-stage reactions lead to the formation of the early glycation adduct fructosyl-lysine (FL) and other fructosamines, and later-stage reactions form AGEs [2] . FL degrades slowly to form AGEs. Glyoxal, methylglyoxal and 3-deoxyglucosone (3-DG) are also potent glycating agents formed by the degradation of glycolytic intermediates, glycated proteins and lipid peroxidation. They react with proteins to form AGEs directly. Important AGEs, in a quantitative sense, are hydroimidazolones derived from arginine residues and modified by glyoxal, methylglyoxal and 3-DG (G-H1, MG-H1 and 3DG-H, respectively). Other important and widely studied AGEs are N " -carboxymethyl-lysine (CML), N " -carboxyethyl-lysine (CEL) and pentosidine [5] . Major quantitative markers of oxidative damage to proteins are methionine sulphoxide (MetSO) and N-formylkynurenine (NFK), formed by the oxidation of methionine and tryptophan respectively [7, 8] , and a widely studied marker of nitration damage to proteins is 3-nitrotyrosine (3-NT) [9] (Fig. 1) . In this paper, we report the comprehensive quantitative analysis of protein glycation, oxidation and nitration adduct residues in plasma protein and haemoglobin, and of related protein glycation, oxidation and nitration free adduct concentrations in plasma, urinary excretion and renal clearance in type 1 diabetic patients with moderate glycaemic control when compared with normal healthy subjects. There were profound increases in the plasma concentration and urinary excretion of selected protein glycation and oxidation free adducts in diabetes.
Subjects and methods

Subjects
The recruitment of diabetic patients for this study has been described previously [10] and patient characteristics are summarised in Table 1 . Twenty-one type 1 diabetic patients, with normal creatinine clearance (although three patients had microalbuminuria) and no other microvascular complications, and 12 normal healthy control subjects were recruited. Diabetic subjects received insulin therapy: humulin regular insulin combined with intermediate (NPH or lente) or long-acting (ultralente) insulin. Venous blood samples were taken after overnight fasting with heparin anticoagulant, and 24-h urine samples were collected from diabetic patients and normal healthy control subjects. Blood cells were sedimented by centrifugation and plasma was removed. Urine samples were collected at ambient temperature. Validation studies showed a change of less than 10% in urinary analyte amounts during this period. Plasma and urine samples were stored at −80°C prior to analysis. The study protocol conformed to the ethical guidelines of the latest Declaration of Helsinki and was approved by the local ethics review committee. Informed consent was obtained from all participants.
Measurement of protein glycation, oxidation and nitration adducts by LC-MS/MS
The following glycation adducts were measured: FL, methylglyoxal-derived AGEs (MG-H1, CEL, argpyrimidine and methylglyoxal-derived lysine dimer [MOLD]), glyoxal-derived AGEs (G-H1, CML and glyoxal-derived lysine dimer [GOLD]), 3-DG-derived AGEs (3DG-H and 3-deoxyglucosone-derived lysine dimer [DOLD] ) and pentosidine. The protein oxidation adducts MetSO, NFK, dityrosine and 3-NT, and the amino acids lys, arg, met, tyr and trp were also measured. Protein glycation, oxidation and nitration free adducts were measured by assay of analytes in the ultrafiltrate of plasma and urine. Ultrafiltrates were prepared by centrifugation at 4°C through microspin filters (12,000-M r filter cut-off, 50-μl aliquot). Glycation, oxidation and nitration adduct residues of plasma protein and haemoglobin were measured in exhaustive enzymatic digests (50 μg protein equivalent) prepared as described previously (with control subjects for protease autolysis) [11] . Samples were assayed by liquid chromatography with triple quadrupole mass spectrometric detection (LC-MS/MS) with stable isotope-substituted internal standardisation as described previously [5] . Pentosidine, NFK and trp were measured by liquid chromatography with modified fluorimetric detection: the mobile phase was 0.1% trifluoroacetic acid with isocratic 10% acetonitrile from 0 to 20 min and a linear gradient of 10-50% acetonitrile from 20 to 50 min eluted through column 1 only at a flow rate of 0.4 ml/min. The retention time, detection λ excitation /λ emission and limit of detection (LOD) for the analytes were as follows: pentosidine-25.7 min, 320/385 nm and 6 fmol; NFK -43.7 min, 330/437 nm and 13 pmol; and tryptophan -46.2 min, 286/400 nm and 29 pmol. Authentic standard analytes were prepared as described elsewhere [5, 12] .
Other biochemical measurements HbA 1 c was measured by the HPLC Diamat method (BioRad, Irvine, CA, USA) [13] . Urinary and plasma creatinine were determined by colorimetric assay (diagnostic kit 510; Sigma). Fasting plasma glucose (FPG), mean daily plasma glucose (24hG) and postprandial changes in plasma glucose (PPG) were assessed as described previously [10] .
Statistical analysis Significance for mean and median analyte values was assessed by Student's t-test and the Mann-Whitney U-test, respectively. Correlation analysis was performed by calculating Spearman's rho r statistic. Two-sided p values lower than 0.05 were considered statistically significant.
Results
Measurement of protein glycation, oxidation and nitration adduct residues in plasma protein and haemoglobin and of related free adducts in the blood plasma and urine by LC-MS/MS Protein glycation, oxidation and nitration adduct residues were detected in hydrolysates of plasma protein and haemoglobin, and corresponding free adducts were detected in the ultrafiltrate of blood plasma and urine. Detection by LC-MS/MS has a high specificity, as there is analyte resolution by chromatographic retention time, molecular mass and fragment mass [5] . Specimen chromatograms of glycation, oxidation and nitration markers are given (Fig. 2a-f) , showing the detection of CML free adducts in urine, of MG-H1 and MetSO free adducts in plasma ultrafiltrate, and of 3-NT residues in haemoglo- bin, reported here for the first time. The detection results for MG-H1 show two partially resolved peaks, as expected, for the racaemic mixture of MG-H1 epimers [5] .
Glycation, oxidation and nitration adduct residues in the plasma protein The concentration of FL residues in the plasma protein was increased by 172% in diabetic patients undertaking regular insulin therapy vs control subjects. The concentration of CML residues was increased by 9%, but not significantly, in diabetic patients vs control subjects, and the concentration of CEL residues was increased by 166%. Hydroimidazolones were major AGE residues in the plasma protein of human subjects [5] . The concentrations of G-H1, MG-H1 and 3DG-H residues were increased significantly in diabetic patients (54, 219 and 28%, respectively) vs control subjects. AGE protein crosslinking was studied by measuring the imidazolium crosslinks GOLD, MOLD and DOLD and the fluorescent crosslink pentosidine. The concentrations of GOLD and DOLD residues were lower than the LOD, and those of MOLD and pentosidine were also very low, approximately 0.001 mmol/mol lys, in the plasma protein. The concentrations of MOLD and pentosidine residues were increased significantly in diabetic patients (five-fold and by 33%, respectively). MetSO and NFK residues were increased four-and two-fold, respectively in the plasma protein of diabetic patients. The concentration of 3-NT residues was low in the plasma protein of control subjects, 0.0006 mmol/mol tyr, and was increased two-fold in diabetic patients ( Table 2) . Glycation, oxidation and nitration adduct residues in haemoglobin The concentration of FL residues in haemoglobin was increased by 133% in diabetic patients vs control subjects. The concentration of CML residues was increased by 6%, but not significantly, in diabetic patients vs control subjects, and the concentration of CEL residues was increased by 30% in diabetic patients. The concentrations of MG-H1 and 3DG-H residues were increased by 31 and 99%, respectively in diabetic patients. The concentrations of GOLD and DOLD residues were lower than the LOD in haemoglobin and those of MOLD and pentosidine were also very low, approximately 0.02 and 0.001% of haemoglobin, respectively. The concentration of MOLD residues was not increased significantly in diabetic patients vs control subjects; unexpectedly, the concentration of pentosidine residues in haemoglobin was decreased by 32% in diabetic patients. The concentration of MetSO residues in haemoglobin was increased by 47% in diabetic patients vs control subjects. The concentration of 3-NT residues in normal control subjects was very low, approximately 0.03% of haemoglobin. Unexpectedly, the concentration of 3-NT residues in haemoglobin was decreased by 59% in diabetic patients vs control subjects (Table 2) .
Protein glycation, oxidation and nitration free adducts in the blood plasma and urine FL free adduct was detected in the plasma of control and diabetic subjects, and the concentration was increased by 84% in diabetic patients. The concentration of CML free adduct in plasma was increased four-fold and the concentration of CEL was increased three-fold in diabetic patients vs control subjects. Hydroimidazolone free adducts are, quantitatively, the major AGE free adducts in the plasma of human subjects [5] . The concentrations of G-H1, MG-H1 and 3DG-H free adducts were increased three-, ten-and two-fold, respectively in diabetic patients vs control subjects. The concentration of MetSO free adduct in plasma was increased five-fold in diabetic patients vs control subjects. The concentrations of GOLD, DOLD, pentosidine, NFK and 3-NT free adducts were lower than the LOD in plasma (Table 3) .
Urinary excretion of free adducts Protein glycation, oxidation and nitration free adducts are excreted in the urine [5] . The urinary excretion of FL free adduct was increased five-fold in diabetic patients vs control subjects. The urinary excretion of CML free adduct was increased twofold in diabetic patients. Hydroimidazolone free adducts are major AGEs excreted in the urine of human subjects [5] . The urinary excretion of MG-H1 free adduct was increased 15-fold in diabetic patients vs control subjects. The MG-derived AGE argpyrimidine free adduct was also detected in urine. The urinary excretion of argpyrimidine free adduct was increased by only 14% in diabetic patients. The urinary excretion of 3DG-H free adduct was increased two-fold in diabetic patients. The urinary excretion levels of the glycation crosslink MOLD and of pentosidine free adducts were increased by 48% and fivefold, respectively in diabetic patients vs control subjects. MetSO is reduced to methionine by renal MetSO reductase; therefore, the urinary excretion of MetSO in normal healthy control subjects is very low, approximately 0.02 nmol/mg creatinine. This was increased four-fold in diabetic patients. Urinary excretion of NFK free adduct was increased six-fold in diabetic patients vs control subjects. Urinary excretion levels of 3-NT and dityrosine were relatively low in normal control subjects (0.034 and 0.186 nmol/mg creatinine, respectively) and were not changed significantly in diabetic patients (Table 3) .
The predicted contribution of plasma protein and haemoglobin degradation to the urinary excretion of protein glycation, oxidation and nitration free adducts was deduced assuming degradation rates of 7 and 3 g/day for plasma protein and haemoglobin, respectively [14, 15] . This indicated that MetSO residues released from albumin and haemoglobin combined were 42-fold higher than those excreted in control subjects, 32-fold higher than those in Data are means±SD or median (minimum-maximum) (plasma and urine free adducts) and means±SEM (renal clearance) *p<0.05; **p<0.01; ***p<0.001 vs normal control subjects. Control renal clearances of analytes are from reference [5] . Where data are not given for a computed variable, an independent analyte was <LOD diabetes. Similarly, FL residues released from albumin and haemoglobin were 122 and 83%, respectively, of the excreted amount in control and diabetic subjects. For AGEs, hydroimidazolone residues released from albumin and haemoglobin were 7 and 51% of urinary excretion, CML and CEL residues were 17 and 3% of the excreted total, and MOLD and pentosidine residues were 31 and 20% of excretion; these values decreased in diabetes. For the NFK and 3-NT residues, free adducts released from albumin and haemoglobin combined were, respectively, 33 and 26% of urinary excreted free adducts; these values decreased in diabetes (Table 3) . The renal clearance of creatinine in the diabetic patients of this study was not significantly different from that of normal healthy control subjects. The renal clearance of FL free adduct, however, was increased approximately twofold in diabetic patients vs control subjects, to a clearance similar to that of creatinine. This suggests there was de- MG-H1 and 3DG-H free adducts had increased renal clearance levels in diabetic patients vs control subjects, which approached that of creatinine. The renal clearance of MetSO in normal control subjects was very low, approximately 0.2 ml/min, and was not changed significantly in diabetic patients (Table 3) .
Homotypic correlation of glycation, oxidation and nitration adducts Homotypic correlations are correlations of glycation, oxidation and nitration adducts of the same type in the following different locations: plasma protein, haemoglobin and the ultrafiltrate of plasma and urine. In normal control subjects, there were no significant homotypic correlations. In diabetic patients, the concentration of FL residues in plasma protein correlated positively with the urinary excretion of FL (r=0.52, p<0.05), and the concentration of FL residues in haemoglobin correlated positively with the concentration of FL free adduct in plasma (r=0.53, p<0.05). There were no significant homotypic correlations for CML, but for CEL the concentrations of CEL residues in plasma protein and haemoglobin correlated positively (r=0.64, p<0.01). For G-H1, the concentration of G-H1 free adduct in plasma correlated positively with the urinary excretion of G-H1 with borderline significance (r=0.53, p=0.051). For MG-H1, the concentration of MG-H1 residues in plasma protein and haemoglobin correlated positively (r=0.62, p<0.01). For 3DG-H, there was a negative correlation between the concentration of 3DG-H residues in plasma protein and that of 3DG-H residues in haemoglobin (r=−0.45, p<0.05). There was no significant homotypic correlation between pentosidine and MOLD. For oxidative markers, the concentration of 3-NT residues in haemoglobin correlated positively with urinary excretion of 3-NT (r=0.79, p<0.001).
Correlation of indicators of glycaemic control with glycation, oxidation and nitration residues in plasma protein and haemoglobin and with related free adducts in plasma and urine Many significant correlations between protein glycation and oxidation analytes were found in control subjects, particularly for the urinary excretion of free adducts (Table 4) (Table 5 ). In plasma, the concentration of FL free adduct correlated positively with FPG but negatively with PPG. The concentration of 3DG-H free adduct correlated positively with PPG with borderline significance. In urine, the urinary excretion of dityrosine free adduct correlated positively with FPG and the urinary excretion of 3DG-H correlated negatively with PPG (Table 6 ). Other correlations between protein glycation, oxidation and nitration adduct residues and free adducts in diabetic patients are also given in Tables 5 and 6 .
Discussion
Protein glycation was originally viewed as a post-translational modification that accumulated mostly on extracellular proteins, with slow AGE formation and accumulation through life. This applies to chemically stable AGEs formed on long-lived proteins but not to short-lived glycation adducts (FL and hydroimidazolones, for example) and all glycation adducts on cellular and short-lived extracellular proteins. Protein turnover by cellular proteolysis is probably the major source of glycation, oxidation and nitration free adducts [5] . A further source is absorption from digested food [16] , represented schematically in Fig. 3a . The increased urinary excretion of protein glycation and oxidation free adducts in diabetic patients suggests that the diabetic state is associated with significantly increased damage to proteins by glycation and oxidation, with subsequent cellular proteolysis and free adduct elimination. Protein glycation and oxidation free adducts from food contribute to the background exposure [17] , but the diabetic state appears to increase markedly the exposure to protein damage. Glycation of albumin to minimal extents, as found in diabetes in vivo, has no significant effect on albumin half-life [18] . Similarly, little change has been observed in the lifespan of red blood cells (RBCs) in diabetic patients vs control subjects [19] . Accordingly, the changes in glycation, oxidation and nitration adduct residues in plasma protein and haemoglobin in the diabetic subjects of this study are not due to changes in protein substrate turnover but rather to changes in protein modification.
Early glycation adduct fructosyl-lysine residues in plasma protein and haemoglobin, and related free adduct in plasma and urine In the plasma protein of diabetic patients, we found increased FL residue concentrations, consistent with concentrations for glycated serum protein previously measured by boronate affinity chromatography [20] and immunoassay [21] , and similar to the concentration of FL residues predicted from the kinetics of reactivity of albumin assuming a protein half-life of 20 days [22] . In haemoglobin, early glycation adducts of glucose are conventionally shown as HbA 1 c [1] . The HbA 1 c is typically comprised of 60% fructosyl-valine residues (β-val-1) and 40% FL residues (mostly on α-lys-61) [23, 24] . Chromatographic methods for measuring intact HbA 1 c (such as the Diamat protocol used here) underestimate the absolute concentration of HbA 1 c by a factor of up to two because of on-column haemoglobin subunit exchange [24] . The LC-MS/MS technique measures the absolute concentration of total FL residues in haemoglobin at all sites (not fructosylvaline). The HbA 1 c of the diabetic patients in this study was 7.8±0.9%. The estimate of FL as 8.6% haemoglobin was therefore 55% of the total HbA 1 c (2×7.8%), slightly higher than the 40% expected. FL free adduct was detected in blood plasma and was increased two-fold in diabetes. It was also excreted in urine with a five-fold increase in diabetes. Estimates reported here are similar to those reported previously [25] . The increased FL urinary excretion in diabetes may underestimate increased formation in diabetes, as FL urinary excretion is metabolised efficiently by fructosamine-3-phosphokinase [26] . FL residues in haemoglobin correlated positively with measures of glycaemic control, HbA 1 c and 24hG, whereas FL residues in plasma protein correlated negatively with CEL and 3DG-H residues. This may indicate that in the oxidising environment of plasma in diabetes, FL residues are susceptible to degradation to AGEs. The negative correlation between FL free adduct concentration in plasma and PPG may reflect increased oxidative instability of this analyte in postprandial hyperglycaemia. FL free adduct concentration in plasma also correlated positively with FPG.
Advanced glycation endproduct residues in plasma protein and haemoglobin, and related free adducts in plasma and urine Major AGEs in the plasma protein of control and diabetic subjects were the hydroimidazolones MG-H1 and 3DG-H. In diabetic patients, the largest quantitative increases in protein glycation adduct residues of plasma protein occurred for MG-H1 and 3DG-H. The major site of MG-H1 residue formation in human serum albumin was identified recently as arg-410 [27] . The lack of increase in CML residues in the plasma protein of diabetic patients was unexpected and discordant with the prior report by Schleicher et al. [28] , who found increased CML residue concentration. In their study, however, patients with high HbA 1 c (up to 20% haemoglobin) were recruited. Inspection shows that in patients with an HbA 1 c lower than 10% in the Schleicher study, there was no significant increase in CML residues. The quantitation of CML was also about four-fold lower than reported here, probably because all of the CML residues in plasma protein were detected by our LC-MS/MS method, whereas immunoassay detects only antibody-accessible CML residues on the surface of plasma proteins.
In haemoglobin, MG-H1 and 3DG-H residues were, again, the major glycation adducts in a quantitative sense. AGEs in haemoglobin, measured previously by immunoassay of unidentified epitopes [29, 30] , correlated with HbA 1 c and probably detected CML [31] . Specific immunoassay of CML residues overestimated the concentration Fig. 3 a Biodistribution scheme illustrating flows of formation and removal of protein glycation, oxidation and nitration free adducts. b Schematic diagram showing a cross-section through a blood capillary lumen, illustrating the flows of nitric oxide from the endothelium into the red blood cells and formation of peroxynitrite and 3-NT residues in plasma protein and haemoglobin (Hb) ten-fold [32] . The analogous AGE N -carboxymethylvaline residues were quantified in haemoglobin by a gas chromatography-mass spectrometry assay and were approximately 0.06% of haemoglobin [31] . The concentrations of MG-H1 and 3DG-H in haemoglobin were approximately ten-fold higher than the concentrations of CML and CEL residues, and 100-and 500-fold higher than the concentrations of MOLD and pentosidine residues respectively. Formation of 3DG-H in RBCs may be linked to the formation of 3-DG by the deglycating action of fructosamine-3-phosphokinase on HbA 1 c [26, 33] . Application of matrix-assisted laser desorption ionisation (MALDI) mass spectrometry gave evidence of multiple types of modified haemoglobin in diabetes by molecular mass measurement of haemoglobin subunits [34] , consistent with the findings of this study. With MALDI mass spectrometry measurements, the quantitation and molecular identity of the modified protein derivatives is often uncertain (compare with measurements of glycated albumin) [35] .
The concentration of CML residues in the plasma protein and haemoglobin of diabetic patients correlated with HbA 1 c, and CML residues in the plasma protein correlated with 24hG, although the changes in CML residue concentration were too small to be statistically significant vs control values. CML residue concentrations in plasma protein and haemoglobin were also linked to 3DG-H residue concentrations and to pentosidine residue concentration in haemoglobin. CML and CEL residues in plasma protein may be formed from lipid-derived precursors without apparent mediation by glyoxal and methylglyoxal [36] .
The most profound effects of diabetes on glycationrelated variables were the increases in glycation free adduct plasma concentrations and urinary excretion levels. With no significant increase in CML residues in plasma protein and haemoglobin, plasma CML free adduct was increased four-fold and urinary excretion two-fold. The most marked effect, however, was found for MG-H1 free adduct concentration in the plasma and urinary excretion, which increased ten-fold and 15-fold respectively in diabetic patients. It is expected that these increases relate to increased protein modification and cellular proteolysis in tissues suffering biochemical dysfunction in hyperglycaemia, such as the kidney, retina and peripheral nerve, in which MG-H1 protein residues were increased in experimental diabetic rats [5] . This indicates that diabetes, even when under moderate control, presents a severe insult of protein modification. Increased proteolysis has been found in RBCs and muscle wasting in diabetes [37, 38] . If proteolysis is decreased [39] , this may also lead to increased tissue protein AGE residues.
Increased formation of methylglyoxal arises mainly from increased levels of triosephosphates in cells accumulating high levels of glucose in hyperglycaemia [40] [41] [42] [43] . This is exacerbated by low glyceraldehyde-3-phosphate dehydrogenase activity [37] , particularly when inhibited by poly(ADP ribose) polymerase [44] . Ketone body metabolism may also be involved [45] , which may explain why type 1 diabetic patients suffer the highest levels of methylglyoxal [46] . Methylglyoxal crosses cell membranes (probably by passive diffusion of the unhydrated form) [41] , so the methylglyoxal that modifies plasma protein is probably cell-derived.
Urinary excretion of glycation free adducts is the major form of elimination of glycation adducts from the body [5] . Glycation free adducts are amino acid derivatives; therefore, their elimination is expected to be controlled by glomerular filtration and active secretion as well as tubular reabsorption by amino acid and organic anion and cation transport proteins in the proximal tubular epithelium (Fig. 3a) . The decreased renal clearances of CML and CEL free adducts in diabetic patients may be related to decreased renal organic cation transporter activity [47] . The increased renal clearances of MG-H1 and 3DG-H free adducts in diabetes may be due to increased washout by diuresis. MOLD and pentosidine were quantitatively minor AGE free adducts, but had moderately and markedly increased urinary excretion levels, respectively, in diabetic patients.
The predicted contributions of plasma protein and haemoglobin degradation to the excretion of protein glycation, oxidation and nitration free adducts revealed predicted excess production of MetSO and FL free adducts, consistent with the efficient metabolism of MetSO by MetSO reductase [48] and repair of FL residues and free adducts by fructosamine-3-phosphokinase [26, 33] . NFK and 3-NT are also metabolised to kynurenine [49] and 3-nitro-4-hydroxyphenylacetic acid [50] respectively. The predicted high contribution of plasma protein and haemoglobin turnover to urinary excretion of hydroimidazolone free adducts may suggest there are enzymatic mechanisms to repair or metabolise these adducts too. The marked increase in the urinary excretion of FL, CML, MG-H1 and NFK free adducts, relative to increases in corresponding adduct residues in plasma protein and haemoglobin, may indicate a major formation of glycation and oxidation adduct residues in proteins (with subsequent proteolysis) at sites other than plasma and RBCs. Peptides enriched in glycation, oxidation and nitration adducts were not found in vivo [5] , except in portal venous plasma [51] , although peptides from incomplete cellular proteolysis have been detected in vivo [52, 53] .
Oxidation and nitration adduct residues in plasma protein and haemoglobin, and related free adducts in plasma and urinary excretion Major oxidation adducts in the plasma protein and haemoglobin of control and diabetic subjects were MetSO and NFK residues. The two-to four-fold increases in the plasma protein of diabetic patients reflect an increasing oxidative environment of the blood plasma in diabetes.
The concentration of 3-NT residues in the plasma protein of diabetic patients has been measured previously by immunoassay [54] , but was overestimated ten-to 50-fold; the estimates given here are in agreement with independent, artefact-free estimates by LC-MS/MS [9] . The decrease in 3-NT residue concentration in the haemoglobin and the increase in the plasma protein of diabetic subjects vs control subjects may relate to the compartmentalisation of haemoglobin and peroxynitrite formation. Peroxynitrite forms inside RBCs, with nitric oxide (NO) originating outside RBCs and superoxide originating from intra-and/or extra-RBC sources. Increased peroxynitrite formation in diabetes is linked to the increased production of superoxide in vascular cells [55] . As NO crosses from the endothelium through the plasma, it is intercepted by superoxide with increased efficiency in diabetes, increasing the formation of peroxynitrite and 3-NT in plasma proteins and matrix proteins [55] (Fig. 3b) . Less NO then enters RBCs to form 3-NT in haemoglobin. The effects of peroxynitrite, as well as the formation of NO [56] , are compartmentalised physiologically in the blood. A similar effect of compartmentalised formation of pentosidine precursor may explain the decreased pentosidine residues of haemoglobin in diabetes.
The five-fold increase in plasma MetSO free adduct and the four-and six-fold increases in urinary excretion of MetSO and NFK free adducts in diabetic patients support the role of increased oxidative damage to proteins, with subsequent proteolysis of the oxidised proteins in diabetes. The urinary excretion of dityrosine was ten-fold higher than that of MOLD and pentosidine. Hence, diabetic patients appear to be exposed to increased protein crosslinking by AGE-and oxidant-mediated mechanisms.
In conclusion, clinical type 1 diabetes under moderate metabolic control is associated with a profound increase in the plasma concentration and urinary excretion of protein glycation and oxidation free adducts, particularly methylglyoxal-derived MG-H1. This may be a marker of tissue damage at sites of development of vascular complications and hence a novel indicator of the pathological effects of hyperglycaemia. The increase in AGE free adducts in IGT, type 2 diabetes and IFG, and its association with the progression to and presence of vascular complications now merit investigation.
